Abstract-The growing complexity of MEMS devices and their increased used in embedded systems (e.g., wireless integrated sensor networks) demands a disciplined aproach for MEMS design as well as the development of techniques for system-level modeling of these devices so that a seamless integration with the existing embedded system design methodologies is possible.
I. INTRODUCTION Integrated Microsystems and their subset -MicroElectroMechanical Systems (MEMS)-are inherently complex in nature. The level of their complexity can be realized from the fact that these systems involve coupled energy domains (e.g., electrical, mechanical, magnetic, fluidic, optical, etc.) and their signal conditioning units typically involve continuoustime (analog) and discrete-time (digital) electronic domains or a mixture of both (mixed-signal). The prototyping of these systems, using the available manufacturing techniques is usually very expensive. Therefore, the exising "build-and-test" approach for these systems has to be replaced by a systematic design methodology that introduces design hierarchy and information sharing across the domain dichotomies. As a part of design methodology, modeling and simulation of MEMSbased systems play an important role in reducing the number of design iterations and their time-to-market.
The design methods of MEMS have traditionally been viewed from either a bottom-up or a top-down perspective.
In the bottom-up approach, which, presently, is the most common design approach among the MEMS design communities, the idea of a MEMS device is conceived and the necessary physical-level modeling on the device design is conducted to establish its physical characteristics. However, the computational resource requirements associated with physical-level modeling render it an impractical approach for modeling the entire system. Therefore, the physical-level modeling techniques are only employed to analyze the physical characteristics of MEMS device structures and to generate the data necessary to create a reduced-order model of the device'. The reduced-order modeling of the MEMS device, alongwith the necessary signal conditioning and control electronics, is then conducted to detemine its proper functioning at the device level. System-level modeling is then carried out to determine the potential impact the device will have on the whole system.
On the other hand, in the top-down approach, the critical system parameters are first determined from the system-level (reduced-order) analytical equations governing the system behavior regardless of the implementation options or the process technology to be used. After determining the critical system parameters, the implementation details and the specific process technologies are considered through the use of device-level reduced-order models. Modeling at the device level involves a MEM structure with or without the signal conditioning and control electronics. At the device-level, reduced-order modeling allows the designers to determine what boundary and load conditions will be placed on individual components. After device-level modeling, more detailed physical-level modeling (3D Modeling) allows the designer to examine a structure's response to a particular physical environment in finer detail.
In this paper, we mainly focus on system-level modeling of MEMS-based sensors using VHDL-AMS as it supports multi-domain, mixed-signal modeling capabilities needed for system-level modeling of MEMS-based systems. We propose a model-driven MEMS-based system design methodology in which the design specification is captured in a systemlevel model using VHDL-AMS which is subsequently refined in a step-by-step manner to yield the physical design. By back-annotating the refined design parameters obtained through physical-level simulations, the same specificationbased system-level model can be used for system optimization through design-space exploration by iterating back and forth the design hierarchy until a fully optimized system design is achieved. Our proposed design methodology can be viewed as a combination of top-down and bottom-up design approaches (described above) which have been modified to allow for optimization through design-space exploration. ' The techniques associated with reduced-order modeling are essentially the same as macro-modeling.
The rest of this paper is organized as follows: Section II provides an overview of the current research in the field of system-level modeling of integrated microsystems. Section III gives a detailed explanation of our proposed model-driven design methodology. An illustrative example elaborating the capabilities of our proposed design methodology applied to the system-level modeling and design of a microaccelerometer for wireless sensor network applications is presented in Section IV. Section V, finally, provides conclusions and the future directions of our work. II VHDL-AMS is an informal name for a combination of two IEEE standards: VHDL 1076-1993 and VHDL 1076. . It covers most of the modeling requirements for MEMS, and sufficient work (e.g., [1] [2] [3] ) has been done to model electromechanical, MOEMS, fluidic, magnetic, and thermal systems. VHDL-AMS supports hierarchical description of continuous, mixed-domain, and discrete, conservative and nonconservative physical systems. An overview on modeling conservative systems with analog and mixed signal is discussed in [4] , [5] . At the device level, VHDL-AMS has been effectively used to predict the behavior of interacting energy domains (e.g., magnetic, mechanical, electrical, etc.) using an integrated, multiple-domain, system standard mixed-signal ASIC design flow has been described in [6] , [7] using the example of a microresonator and a microaccelerometer. The design approach takes advantage of parameterized component libraries for device layout generation and modem analog and mixed-signal hardware description languages such as VHDL-AMS and Verilog-A which allow the use of non-electrical energy domains for behavioral or systemlevel simulation of the MEMS device. The design methodology also provides design-space exploration capability.
In [8] , the general aspects concerning the design automation for microsystems (in particular, MEMS devices) are considered but no clear design methodology has been presented. In [9] , a modular design methodology for suspended MEMS has been presented that uses circuit-level behavioral simulation, schematic-driven layout generation, and system-level simulation in VHDL-AMS and Verilog-AMS. A comprehensive, multi-domain, multi-language system-level modeling of Systems-on-Chip embedding MEMS devices (using SystemC and VHDL-AMS) has been reported by [10] but it does not complement the system-level model with a concrete and workable MEMS design methodology.
The top-down design of MEMS and the underlying design challenges have been discussed by [11] , [12] whereas [13] discuss the bottom-up design methodology and system-level modeling using VHDL-AMS. [14] uses top-down design approach for device design and bottom-up approach for design verification. In this paper, we extend this approach to include design optimization through back annotation of refined device parameters obtained by FEM analysis at the physical level into the system-level model described in VHDL-AMS.
III. MODEL-DRIVEN MEMS DESIGN METHODOLOGY As mentioned above, to specify, design, and implement a complex MEMS-based sensing device, it is modeled at four levels of abstraction: process-level, physical-level, devicelevel, and system-level. Physical-level modeling involves numerically solving the equations of physics governing the system behavior using numerical solvers such as the FiniteElement Method (FEM), Boundary Element Method (BEM), etc. Device-level modeling involves reduced-order modeling through the generation of macro-models from the physicallevel models using the macro-modeling solvers. System-level modeling techniques involve block diagram-based system representation (e.g., Simulink) or it may also involve reducedorder modeling using HDL's (SystemC-AMS, VHDL-AMS, etc.) or Parametric Design Libraries3, etc. We propose a model-driven MEMS design methodology (see Figure 1 ) that supports component-based design accompanied by substantial component reuse.
Starting from a design concept, a system-level model of a MEMS device is constructed for functional simulation of the design concept and for design-space exploration by examining and changing the behavioral and performance characteristics of the design concept till it meets the desired system specifications.
3For example, in the Coventor design environment, a 3D model of a MEMS device can also be generated from a parametric design library-based model.
The key design parameters are extracted from the systemlevel model to construct a reduced-order model at the device level. The schematic-based, circuit-level reduced-order models involve lumped-parameter device models having few degrees of freedom with analytical or semi-analytical equations describing the behavior of the components comprising the MEMS device (e.g., beams, plates, combs, etc.). These models are written in an HDL and compiled into a design library called the parameterized design library. A MEMS device is composed by connecting together the required components.These device models can analyze a complex device behavior in a very short time.
Refined Design Parameters Fig. 1 . System-Driven MEMS Design Methodology After reduced-order modeling, a 3-D device structure is obtained at the physical level which is subjected to FEMbased analysis to extract the refined design parameters which are back-annotated into the system-level model for design refinement. This process is iterated till a final optimized device design is obtained.
IV. ILLUSTRATIVE EXAMPLE: MICROACCELEROMETER MODELING & DESIGN
To illustrate the capabilities of our proposed MEMS design methodology, a system-level model for a capacitive microaccelerometer has been developed at the system level using VHDL-AMS which allows direct simulation of mechanical and analog and digital electric sub-systems in their respective domains without any analogy transformation.
If the proof mass of the sensing element of a microaccelerometer has a mass of M, the suspension beams have an effective spring constant of K, and there is a damping factor D, affecting the dynamic movement of the mass, the microaccelerometer can be represented by a second-order mass-damper-spring system (see Figure 2) . If an external force, F, displaces the support frame relative to the proof mass, the internal stress in the suspension spring changes. Both, this relative displacement and the suspension-beam stress can be used as a measure of the external force. By using Newton's second law [15] Thus, to reduce the mechanical noise, the quality factor, Q, and the proof mass, M, have to be increased.
For the system response to be linear, a, has to be less than 0.3wo. This sets the maximum bandwidth, Bmax, of the microaccelerometer.
27FBmax < 0.3aw, => aw, > 20.944Bmax
For the least amplitude distortion and for the output to follow the input over the widest input frequency range, the system has to be critically damped. This The difference between amax and amin gives the dynamic range of the microaccelerometer. There is a big tradeoff between dynamic range and sensitivity.
In the most general case, the proof-mass motion can have six degrees of freedom. But, typically, in a unidirectional accelerometer, the geometrical design of the suspension is such that one of these is dominant and the device has low off-axis sensitivity. The cantilever support has been one of the early popular suspension support designs, due to its simplicity, lower spring constant, and internal stress relief of the beams. However, this configuration results in a larger off-axis sensitivity unless the device is fully symmetric. Symmetric, full-bridge supports result in a very low off-axis sensitivity. By using a crab-leg or folded-beam configuration in a full-bridge support, the residual stress of the beams can also be relieved keeping the spring constant unchanged due to tensile and compressive stresses. The spring constant for the folded beam configuration employing straight truss is: The mass of the proof mass with attached cantilever electrodes can be estimated from the device dimensions.
The damping factor is a difficult quantity to calculate because the effect of squeezed-film damping between the fingers must be added to the Couette flow beneath the proof mass as it displaces. Further, if the aspect ratio of the air gaps between the fingers is low, even squeezed-film damping estimates are inaccurate. The damping factor, D1, obtained from the Couette flow4 is:
where, r, is the viscosity of the surrounding air/gas. The damping factor, D2 obtained from the squeezed-film model is: 4Steady viscous flow between parallel plates, one of which is moving parallel to the other, is called Couette flow
The total damping, D, is the sum of D1 and D2. The differential capacitors have high sensitivities and can be configured to give a linear response and are, therefore, preferred for many applications. The differential capacitors have the virtue of cancelling many effects to first order, providing a signal that is zero at the balance point and carries a sign that indicates the direction of motion. From the system point of view, a differential capacitor accomplishes linearization about the balance point. Consider If the two gaps are equal, the output voltage is zero. However, if the middle plate moves so that one gap is larger than the other, the output voltage is a linear function of this change. The resulting sensing element output is a square wave with amplitude propotional to the displacement and, hence, the acceleration magnitude. The phase of the output square wave relative to the excitation determines the acceleration polarity which measures the unbalance in the differential capacitor. The output is amplified, synchronously demodulated, low-pass filtered and digitized with a E-iA A/D converter to give the output value. Since the demodulator is phase synchronized with the excitation signal, the output signal polarity correctly indicates the direction of the applied acceleration [16] . A surface micromachined, single-axis, lateral capacitive microaccelerometer sensing element consists of a movable beam (seismic mass), suspended by two spring tethers on either end. Movable fingers are attached to the mass. The fingers establish, together with fixed plates, capacitances that are evaluated by an electronic circuit. If the seismic mass is moved by an external force, the capacitances depend on this force. The structure is highly regular. Similar microelectromechanical devices are used in force-balanced accelerometers like the ADXL series from Analog Devices and Siemens.
Using the proposed model-driven design methodology, general system-level modeling of the microaccelerometer has been performed in VHDL-AMS using the above equations, as well as the mechanical relations describing the spring constant and the damping factor as a function of the device geometry and the ambient pressure. The basic functionality of the microaccelerometer has been simulated using VHDL-AMS (see Figure 3) A block diagram description of the VHDL-AMS model is given in Figure 4 . The time-domain characteristics are simulated for different modeling approaches using simulation and are shown in Figure 5 .
Further, the first-order device design optimization has been performed using the same equations, while the final microaccelerometer sensing element design has been simulated and optimized using the commercially-available finite-element Figure 6 shows the schematic drawing of the sensing element and the electronic circuitry of such a microaccelerometer built using components from the parametrized design library of Saber and MAST in the Coventer design environment. The device-level model consists of mechanical beams of different dimensions. The electrostatic forces are modeled by comb models (see Figure 7) . The design parameters are listed in Table I . The advantage of this (schematic-based) approach is an easy combination of these MEMS primitives with other user-defined models. Therefore, for functional simulation, behavioral models of the electronic subsystems were used. Figure 8 shows the displacement of the sensing element at the first resonance frequency.
V. CONCLUSIONS
We have proposed a model-driven MEMS design methodology which is more than a combination of the existing top- down and bottom-up design approaches as it enables MEMS design, validation, and optimization in a consistent, step-bystep manner and is compatible with the existing embedded system design methodologies. We have illustrated the capabilities of our proposed MEMS design methodology by applying it to design, simulate, and optimize a microaccelerometer sensor. System-level modeling of MEMS-based sensors is an ongoing research area with the aim to model, as accurately as possible, the microsystem device behavior at the system level as well as at the lower levels of abstraction. The capabilities of the existing design tools for designing microsystems are still limited to some extent, either in the diversity of components in the parametric components library, accuracy of simulation, or in terms of simulation speed and ease of use. Lack of standards and interoperability are additional limitations. Information about macromodeling or lumped parameter modeling of microsystems is ample but patchy. Moreover, automated synthesis of microsystems from system-level models seems to be a far-off dream. The work described here gives a good insight into the system-level modeling of microsystems which can stimulate ideas about hybrid systems modeling and verification especially in the context of the emerging new area of wireless integrated sensor networks.
